Asian dust events that travel eastward and southeastward in the lower troposphere affect different areas near the coastal East Asia. To understand the synoptic differences between the two types of dust events, four dust events from 2006 to 2009 are selected for each type and the synoptic environment is compared. Surface measurements, trajectory analyses, and a regional dust model are also applied to further analyze each type. Results show that the strength of the low-level trough and the surface anticyclonic system are important in determining the transport route of dust event. A deep 700-850 hPa trough extending far south beyond 30 ∘ N associated with an intense surface anticyclone with maximum pressure greater than 1020 hPa over coastal East Asia favors southeastward movement of dust event. The prevailing northwesterlies or northerlies behind the deep trough and ahead of the intense surface anticyclone promote the southeastward movement of dust event. Since intense surface anticyclones often associated with strong dust events, severe dust activities tend to move southeastward. In contrast, a shallow trough accompanied by a weak surface high locating north of 30 ∘ N over the coastal East Asia favors an eastward transport route.
Introduction
Asian dust is mainly generated from China during springtime, when cyclonic activity and the induced strong surface wind favor the generation of dust from the dry surface. The generated dust particles can be transported downwind over long distances [1, 2] . The transport pathways for dust include eastward routes to Korea, Japan, and the North Pacific, as well as southeastward routes to Southeast China, Taiwan, Hong Kong, and even the South China Sea [3] . According to previous studies, the annual emissions of Asian dust can be as large as 460 Tg to 800 Tg [4, 5] , and half of the dust parcels experience long-range transport [4] . Thus, it can be expected that these long-range transport events can significantly affect the downwind areas.
Previous studies show that both eastward and southeastward transport increase aerosol concentration over the coastal areas of East and Southeast China [6] [7] [8] [9] . During eastward transport, major dust events normally occur once or twice annually in Korea, with aerosol concentrations increasing up to 1105 g m −3 [7] . In spring 2001, the maximum aerosol concentration of approximately 200 g m −3 to 450 g m −3 was observed over the coast of Japan and Korea [10, 11] . On the other hand, during southeastward transport, concentrations of particulate matter less than 10 m in diameter (PM 10 ) can be enhanced over 400, 600, and 1000 g m −3 in cities over or near Southeast China, such as Hong Kong, Xiamen, and Taiwan, respectively [12] [13] [14] . Southeastward dust events are occasionally observed reaching far south beyond 20
∘ N into the South China Sea [13, 15, 16] , and the depositions were observed to enhance phytoplankton growth [17, 18] .
The synoptic characteristics of the eastward dust event have been explored in previous studies [2, 19, 20] . Through aircraft measurement, Dickerson et al. [20] found that the eastward propagation of cyclones and associated fronts provide the mechanism for the lifting and long-range transport 2 Advances in Meteorology of dust, whereas behind the surface cold front, the dust parcel was lifted from the surface to approximately 4000 m because of the strong surface wind associated with anticyclone. Liu et al. [19] simulated an Asian dust event in 2001 and found that mechanical and convective turbulence mixed the dust particles from the surface, and the upward motion ahead of the cyclones is responsible for transporting dust to high altitudes and into the westerlies, making it available for longrange transport.
Unlike eastward transport, the synoptic environment for the southeastward transport is distinctive. Liu et al. [9] found that the major southeastward dust events from 2002 to 2006 were transported behind the lower tropospheric trough in the descending areas and descend with height to the southeastern coast of China. Yu et al. [21] also found that the southeastward transport of Asian dust is often associated with a surface anticyclone breaking away from the Siberian-Mongolian High at the high latitudes. When the surface anticyclone moves southeastward, dust can be carried to the subtropics. In these previous studies, although the synoptic environment favoring the eastward and southeastward movement of dust events is discussed, the difference between lower level transport of the two types is unclear. It is still unknown why some dust events moving near the surface layer are allowed to be transported far southeastward into the South China Sea, whereas others are transported shallower and eastward and mainly affect the East Asian midlatitudes. Tsai et al. [22] classified the transport route of dust parcel into three types, including upper-level, lower-level, and descending types. In the lower-level type, dust parcel is transported behind a lower-level trough near the surface layer where the associated surface high is intense. However, the synoptic differences between the low-level dust events that result in eastward and southeastward transport routes remain undiscussed.
To clarify this problem, this study compares the synoptic environment between the major eastward and southeastward dust events from 2006 to 2009 and investigates their differences. Four dust events that reached coastal East Asia during these years are selected for each type, and their synoptic conditions in the lower troposphere and surface level are compared. In addition, a southeastward and an eastward dust event that occurred sequentially in 2006 are selected as cases for analysis. In Section 3, the synoptic characteristics of the two types of dust event are presented and compared. In Section 4, one of each type is selected for case study and the trajectory simulation, synoptic analyses, and 3D regional dust simulations are used to investigate the synoptic environment favoring the two types of dust transport. The synoptic differences between the southeastward and eastward transport of dust events in the lower troposphere are summarized and concluded in Section 5. 10N   20N   30N   40N   50N   EQ   10N   20N   30N   40N   50N   40E  50E  60E  70E  80E  90E  100E  110E  120E  130E  140E 70E 80E 90E 100E 110E 120E 130E 140E 150E 160E 170E Figure 1 ). The Taipei lidar system is installed in the Taipei Aerosol and Radiation Observatory at the National Taiwan University, about 20 km from the EPA Wanli station. The system measures the vertical distribution of aerosol backscattering (532 nm and 355 nm), extinction, and depolarization (at 532 nm) by detecting the Rayleigh/Mie backscattering of atmospheric molecules and aerosol particles. At Matsue (Shimane Prefectural Institute of Public Health and Environmental Science), both aerosol backscattering (532 nm and 1064 nm) and depolarization (at 532 nm) are measured with a laser power of 20 mJ for both wavelengths, with a repetition rate of 10 Hz and telescope diameter of 20 cm. More details on the lidar characteristics can be found in the studies by Chen et al. [23] and Shimizu et al. [24] .
Data and Model
The lidar depolarization ratio used to identify dust particles is defined as the ratio of the returned light in perpendicular polarization to the parallel polarizations. Owing to the irregular shape of the dust particles, the intensity of the return lights between perpendicular and parallel polarization (depolarization ratio) is different for dust particles when compared with anthropogenic aerosol. A depolarization ratio greater than 0.06 is suggested for distinguishing dust particles from other type aerosol particles [25] .
Meteorological Data.
The National Centers for Environmental Prediction (NCEP)-National Center for Atmospheric Research (NCAR) Reanalysis [26] -is used to analyze the synoptic conditions during the dust event. The global reanalysis data have a spatial resolution of 2.5 ∘ × 2.5 ∘ and a temporal resolution of 6 h, including geopotential height, air temperature, vertical velocity (omega), 3D wind field, and sea-level pressure.
Model Descriptions.
The dust module in the Taiwan Air Quality Model (TAQM-Dust) is added to simulate regional dust distributions over East Asia [11, 22] . The original TAQM is a 3D regional model used to simulate the distribution of trace gases and particles [27] . The TAQM-Dust model domain covers East Asia from approximately 10 ∘ N to 60 ∘ N and 60 ∘ E to 140 ∘ E (Figure 1) , with a horizontal resolution of 81 km. Vertically, the model is divided into 15 sigma levels, with vertical resolution ranging from roughly 40 m near the surface to 1 km to 2 km near the tropopause of 100 hPa. During dust seasons, dust particles can have a residence time of more than a week in the model domain. Thus, a 10-day simulation of the model is performed ahead of the selected episode, and the subsequent simulation is used for analyses.
For the calculation of dust transport, meteorological data used as an input to the dust model are obtained from NCAR/Penn State Mesoscale Meteorological Model (MM5) [28] [29] [30] simulations. Initial and boundary conditions for MM5 are obtained from the European Center for MediumRange Weather Forecast (ECMWF) Tropical Ocean and Global Atmosphere advanced analysis.
A dust module, including emission, transport, and depositions of dust, has been incorporated into TAQM. The dust emission module was developed based on Wang et al. [31] . In the emission module, the dust particles are divided into 12 size bins ranging from 0.13 m to 20.13 m. Dust transport is computed using the Bott [32] scheme, which minimizes the problem of numerical diffusion. Dust removal by wet and dry deposition, including gravitational settling of dust particle above the surface layer, is included in the dry deposition processes.
Synoptic Characteristic of the Two Types
To compare the synoptic difference between the eastward and southeastward dust event, eight major dust events of the two types from 2006 to 2009 are selected and the lower tropospheric and surface maps of the events are compared. Table 1 lists the eight dust events. Among these events, four southeastward events reached southern Taiwan, with maximum PM 10 Figure 2 shows the synoptic map of the southeastward and eastward dust events at 700 hPa, an altitude where lowlevel dust events are usually located [9, 25] . When the associated cyclone and the trough of the dust event move over the east coast of Asia, the southward extension of the trough of the southeastward dust events reaches far south beyond 30 ∘ N and often approaches Taiwan. As a result of the deep trough, the 3060 gpm isopleths over the coastline are located south of 30 ∘ N. By contrast, the southward extension of the trough of eastward event only approached south of Japan, reaching close to 30 ∘ N. The 3060 gpm isopleths of the eastward events mostly locate north of 30 ∘ N over the coastline, except for the first eastward event (Figure 2 (e)). The deep and shallow trough promotes southeastward and eastward transport of dust events out of the coastal East Asia, respectively. Figure 3 shows the surface map for the two types of dust events. The surface anticyclonic circulation of the southeastward dust event covers a wide area of the eastern coast of China, with a maximum pressure often greater than 1020 hPa. Compared with the southeastward event, the synoptic pattern for the eastward event is distinctive. The associated cyclonic circulation is strong over Mongolia and northern China, whereas the anticyclonic circulation is often weak, covering only a small area of the eastern coast, with a maximum 4 Advances in Meteorology pressure of less than 1020 hPa. The strong cyclonic and weak anticyclonic circulation is favorable for zonally transport of dust events. Previous study also indicates that the surface condition of cyclonic and anticyclonic systems over the source areas is important in determining the strength or transport pathway of dust activity [26, 33] . When the surface anticyclone is greater than 1040 hPa during dust generation, dust event is often transported in the lower troposphere because of the strong descending motion of the anticyclonic circulation [26] . In addition, if surface pattern exhibits a low-high dipole orienting in northeast-southwest direction over the source areas, the dust activity is more active [33] . In this study, the surface synoptic map of the southeastward dust events is mostly dominated by the intense high-pressure system and similar low-high dipole. Two of the selected southeastward events are also the severest dust events in recent years. Thus, an intense surface high accompanied with active dust activity generated by the strong surface winds potentially favors southeastward transport route.
Case Study

First Events of the Two Types.
To illustrate further the difference in the synoptic environment between the two types of dust events, the first event of each type is selected for case study. The selected southeastward dust event occurred on 16-20 March 2006 , with observed PM 10 concentration reaching more than 268 g m −3 in the northern tip of Taiwan (Table 1) and approaching 400 g m −3 over Taipei city. Following this event, the eastward dust event was observed on 22-24 March over Japan by 20 surface stations. Figure 4 shows the vertical profile of the total depolarization ratios of lidar measured at Taipei, Taiwan, and Matsue, Japan, and compares with model results. For the southeastward-moving dust event, the dust clouds are observed at Taipei on 19 March, with dust concentrations remaining mostly below 1.5 km (Figure 4(a) ). For the eastward dust event, lidar results show that the dust events peak from 1 km to 3 km on late 22 March to early 23 March and descend to the surface layer on early 23 March at Matsue (Figure 4(b) ).
For model verification, Figure 4 also shows the model simulation of dust profiles at the same time and locations of the two dust events in comparison with the lidar observations. At both stations, the simulated peak concentrations mostly concur with the lidar measurements. However, small discrepancies are also found. For example, the simulated peak concentration in Taipei occurs at 0300 UTC on 19 March, which is 4 h earlier than observation (Figure 4(c) ). In Matsue, the model results may underpredict the dust concentration on late 22 March and predict the maximum concentration from around 2.5 km to 4 km, instead of 1 km to 3 km on early 23 March (Figure 4(d) ). The discrepancy has resulted from meteorological simulations, which produce slightly faster southeastward transport and higher eastward transport during dust events compared with actual situation. deserts in Mongolia and northern China on 20-21 March but moves eastward downwind to Japan. Figure 6 analyzes the atmospheric circulation at 500, 700, and 850 hPa, following the downwind transport of the southeastward dust event. The lowest-level trajectories predicted by the HYSPLIT trajectory model in Figure 5 are added in Figure 6 , so the movement of the dust parcels toward the downwind areas can be better identified. Figure 6 shows that the southeastward dust event is initiated at around 16 March, when simulated dust cloud is concentrated over northern and western China in the lower troposphere ( Figure 6(c) ). After initiation of the dust event, some dust particles are mixed upward from the ground and travel in the free troposphere. At this time, a 500 hPa trough moves across the western border of Mongolia and China on 16 March (Figure 6(a) ), and a short wave 700 hPa trough (heavy dash line) is located in southern Mongolia (Figure 6(b) ). Behind the trough, the northwesterly winds associated with cold advection prevail, leading to the development of the trough. Figure 6 also shows that the traced dust parcel (square with x) is located among the dust clouds generated ahead of the trough (heavy dash line) and is uplifted to 700 hPa due to ascending motion (heavy solid line). Note that the dust parcel identified by the backward trajectory is located at 770 hPa, which is close to 700 hPa. Likewise, the synoptic maps for the closest pressure level of the dust parcel are analyzed in this study.
On 18 March, as the intensified trough moves away from the eastern coast of China, the 500 hPa trough lags the trough in the lower troposphere and the resulting strong cold advection behind the trough favors the intensification of the trough (Figures 6(e) and 6(f)), resulting in the deepening and intensification of the trough. The 700 hPa to 850 hPa trough extends from northeastern China at around 50 ∘ N southward beyond 30 ∘ N because of the deepening of the trough. Thus, the prevailing wind becomes approximately northerly behind the 850 hPa trough (Figure 6(f) ). Following the strong prevailing northerlies, substantial dust clouds follow the traced dust parcels, turning from mainly eastward to almost southward toward the low latitudes of Southeast China. Along the southward transport, the traced dust parcels also descend rapidly from around 700 hPa to 850 hPa because of the sinking motion of the northerlies behind the deep trough. Figure 6 (f) and other similar figures in Figures 6 to 7 also show that the traced dust parcels are located right over the simulated dust clouds when traveling downwind. The result indicates the consistency between the trajectory and the regional model simulation.
On 19 March, the traced dust parcels move almost southward toward northern Taiwan (Figure 6(i) ). At this time, the northerly or northwesterly winds remain strong over northern Taiwan. Thus, the low-level dust clouds keep moving southward, passing Taiwan toward the South China Sea in the next two days.
Following the passage of the southeastward dust event, the eastward transport dust event occurs two days later in northern China. The dust event is initiated at 0600 UTC on 21 March when a 500 hPa shortwave trough moves over Mongolia (Figure 7(a) ). At 700 hPa, the northwesterlies behind the trough prevail, and the cold advection supports the development of the trough (Figure 7(b) ). Near the southern end of the 700 hPa trough, the traced dust parcel in the lowest level of Figure 5 (b) is generated among the dust clouds due to strong surface winds during dust generation. After mixing and rising upward to 700 hPa, the traced dust parcel continues to move slightly upward in response to weak ascending motion (heavy solid lines) near the cyclone center. It then ascends for about half a day before descending behind the trough in the next day (also see Figure 5 (b)).
About one day later, the associated trough has moved toward the eastern coast of China (Figures 7(d)-7(f) ). The cold advection is strong behind the trough in the lower troposphere (Figures 7(e) and 7(f) ), leading to further trough development. The trough extends southward in the midlatitudes to about 35 ∘ N (Figures 7(d)-7(f) ). The traced dust parcel, located behind the trough where northwesterlies prevail, travels mainly eastward and slightly southward, remaining at around 40 ∘ N (Figure 7(e) ). At the same time, some dust clouds at the higher altitudes (500 hPa to 700 hPa) travel eastward ahead of the trough in ascending areas. Similar to many high-level transport events, these ascending dust clouds travel eastward under the prevailing westerlies and affect the areas further downwind.
On 23 March, when the trough nearly moves from the eastern coast of China, the trough slightly deepens and extends southeastward to Japan and the western North Pacific, reaching about 30 ∘ N (Figures 7(g)-7 (i)). At this time, northwesterlies prevail behind the trough. Following the prevailing wind, the dust clouds together with the traced dust parcel 40N   50N   60N   70E  80E  90E  100E  110E  120E  130E  140E  150E  160E  170E 00 UTC Mar. 23   L   H   20N   30N   40N   50N   60N   70E  80E  90E  100E  110E  120E  130E  140E  150E  160E  170E 06 UTC Mar. 21
00 UTC Mar. 23 L Figure 7 : As in Figure 6 , but for eastward dust event at 500, 700, and 850 hPa of (a)-(c) 0600 UTC on 21 March, (d)-(f) 0000 UTC on 22 March, and (g)-(i) of 0000 UTC on 23 March, respectively. move slightly southeastward downwind toward Japan, in which the traced dust parcel also sinks to 850 hPa due to the descending motion behind the trough. After leaving the continent, both the southeastward and eastward transport events pass through Taiwan and Japan and dissipate over the marginal sea of the western North Pacific Ocean. Figure 8 shows the model results of the dust events at this stage. During the southeastward movement, the surface cold front passes over Taiwan on 19 March (Figure 8(a) ). Behind the cold front, the surface anticyclone has moved from Mongolia to Shanghai city (about 121 ∘ E, 31 ∘ N) at the same time. The anticyclonic circulation covers most of the eastern coast, reaching as far as southern Taiwan (23 ∘ N). Owing to the circulation to the east of the surface high, the prevailing winds are almost northerlies in the lower troposphere offshore of China. The dust clouds, with concentrations up to 300 g m −3 at the southern rim of the surface high, follow the prevailing northerlies and move southward along the Asian continent. Due to the rapid movement of the surface anticyclone and strong surface winds (up to 15 m s −1 ), the dust clouds quickly move past northern Taiwan toward the South China Sea (Figure 8(b) ).
On 21 March, as the surface anticyclone (about 138 ∘ E, 26 ∘ N) moves offshore to the North Pacific, the wind speeds to the southwest of the anticyclone decrease to approximately 5 m s −1 , resulting in a deceleration in dust transport over the area (Figure 8(b) ). At the same time, the prevailing easterlies to the south of the surface high-pressure system circulate the dust clouds back toward the eastern coast of the continent (Figure 8(b) ). After the passage of the surface anticyclone on 21 March, the dust clouds remain around southern Taiwan and the northern South China Sea, with concentrations up to 140 g m −3 reaching as far south as 20 ∘ N. For the eastward dust event, the dust clouds move off the eastern coast behind the associated surface front on 23 March (Figure 8(c) ), with concentrations up to 300 g m −3 extending from southern Japan to northern Taiwan. At this time, the weak surface anticyclone remains over eastern China (around 40 ∘ N), far behind the offshore dust clouds, whereas the leading front becomes almost stationary over central Taiwan. Under the slower system, the dust clouds persist over the midlatitudes behind the front. As a result, high dust concentrations are distributed over Southeast China and the East China Sea instead of moving southeastward. One day later (Figure 8(d) ), when the surface anticyclone moves southeastward over Shanghai city, some dust clouds with concentration up to 200 g m −3 already move eastward to the south of Japan away from the anticyclonic circulation, while other dust clouds behind the anticyclone remain over Southeast China. At the same time, the surface wind over the dust clouds decreases to less than 5 m s −1 . Under the weak anticyclonic circulation and the slow system, the dust residual slowly dissipates over the nearby areas in the midlatitudes.
Other Events of the Two Types.
Similar to the first events of the two types, the synoptic map and the trajectories for the rest of the dust events are analyzed. The trajectories started from Wanli, the northern tip of Taiwan, for the southeastward event and Matsue, Japan, for the eastward events, with altitudes originating from 200 m, 500 m, and 800 m, similar to the first dust events. The maximum observed dust concentration or lidar measurement from the two stations (Table 1) is traced forward or backward until the locations of the traced dust parcel relative to the lower tropospheric and surface maps that discussed in Figures 2 and 3 are found, except 850 hPa instead of 700 hPa in Figure 2 is used as the low tropospheric map. Dust parcel originating from 800 m is plotted at 850 hPa because this is the closest level of the dust parcel, while dust parcel originating from 200 m is plotted on the surface map. Figure 9 shows the traced dust parcel relative to the 850 hPa and surface synoptic map over the coastal East Asia for the southeastward and eastward dust events. At 850 hPa, although the traced dust parcels of the two events are all located behind the trough, the traced dust parcel of the southeastward event reaches far south behind the deep trough while the traced dust parcel of the eastward event remains in the midlatitudes. At surface, the results show that the dust parcels of the southeastward events all locate south of the strong surface anticyclone near Southeast China while the parcels of the eastward events all remain between the surface cyclone and anticyclone over Japan, a result consistent with the study of the first event of the two types.
Conclusions
This study contrasts two types of Asian dust events during 2006-2009 to understand the synoptic environment that favors a substantial southeastward and eastward transport of Asian dust off the coastal East Asia. The synoptic maps, lidar observations, and a dust model simulation are applied for the analyses. The results show that the synoptic environments in the lower troposphere and surface levels are important factors resulting in difference between southeastward and eastward transports of the dust event and are summarized as follows. Figure 10 shows that during the dust transport in the free troposphere, the extent of the trough is different between eastward and southeastward transport. The trough associated with the southeastward transport event deepens and extends far southward beyond 30 ∘ N when moving over the eastern coast (Figure 10(a) ). The prevailing northwesterlies to northerlies behind this trough carry the dust parcel almost directly southward to the low latitudes, resulting in deep southeastward transport. The rapid descent in the southeastward transport than in the eastward transport can also be attributed to the dust transport behind a deep trough where descending motion is stronger than in a shallow trough. Similar phenomena are not seen in the eastward transport dust event because the trough is shallower and remains north of 30 ∘ N when moving over the eastern coast ( Figure 10(b) ). Dust clouds follow the westerlies to northwesterlies behind the shallower trough moving mainly eastward rather than southward.
Furthermore, when both dust events move off the coast to downwind areas, they also descend behind the associated surface front locating around the southern or eastern rim of the anticyclone. The associated anticyclonic circulations of the southeastward dust events are strong and cover a wide area of East and Southeast China, with a maximum pressure of more than 1020 hPa reaching south beyond 30 ∘ N. The surface anticyclone in the southeastward event moves southeastward immediately behind the dust parcel. Thus, under the rapid movement of the system and the strong northerlies to the east of the surface anticyclone, the southeastward transport dust event continues to move southward following the circulation. Since intense surface anticyclones often associated with strong surface winds and severe dust events, southeastward dust events often related to strong dust events.
For the eastward event, the anticyclonic circulation is weak, with maximum pressure less than 1020 hPa locating north of 30 ∘ N when moving over the eastern coast. The weak and slow movement of the anticyclone and the leading frontal system in the eastward transport event result in the persistence of the anticyclonic circulation, and thus the dust clouds over the midlatitudes.
The arrival of eastward dust events can affect the air quality over the coastal East Asia, while southeastward dust transport over the subtropical areas can have significant impacts not only on the air quality of the areas but also on the marine biogeochemistry by providing crustal nutrients to these nutrient-limited areas [12-14, 17, 18] .
